Metal atomic chain (MAC) is an ultimate one-dimensional structure with unique physical properties, such as quantized conductance, colossal magnetic anisotropy, and quantized magnetoresistance. Therefore, MACs show great potential as possible components of nanoscale electronic and spintronic devices. However, MACs are usually suspended between two macroscale metallic electrodes; hence obvious technical barriers exist in the interconnection and integration of MACs. Here we report a carbon nanotube (CNT)-clamped MAC, where CNTs play the roles of both nanoconnector and electrodes. This nanostructure is prepared by in situ machining a metal-filled CNT, including peeling off carbon shells by spatially and elementally selective electron beam irradiation and further elongating the exposed metal nanorod. The microstructure and formation process of this CNT-clamped MAC are explored by both transmission electron microscopy observations and theoretical simulations. First-principles calculations indicate that strong covalent bonds are formed between the CNT and MAC. The electrical transport property of the CNT-clamped MAC was experimentally measured, and quantized conductance was observed.
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in situ microscope | nanoconnector | electrode | quantized conductance | half-metallicity E lectron transport across a metal atomic chain (MAC) presents ultimate miniaturization and novel functionality of electronic devices (1) (2) (3) (4) . Several techniques, including scanning tunneling microscopy (STM) (5), mechanically controlled breaking junction (6) , high resolution transmission electron microscopy (HRTEM) (7), self-terminated electrodeposition (8) , and controlled electromigration (9) , have been developed for the preparation of suspended MACs. However, how to connect and integrate the extremely small MACs remains a challenge, because the fabricated MACs are usually held between two macroscale electrodes. Carbon nanotube (CNT) is a one-dimensional tubular structure with intriguing electronic properties. Various CNT-based electronic devices, such as ballistic wire (10), field effect transistor (11) , and logic circuit (12) , have been demonstrated. It was recently reported by Rodríguez-Manzo et al. that CNTs can form strong covalent heterojunctions and interconnect with particles of different metals, by theoretical calculations and in situ TEM observation (13) (14) (15) . Therefore, CNT can be a promising candidate for interconnecting and integrating MACs. Nevertheless, no such CNT-MAC structure is experimentally demonstrated yet.
In this study, we design and fabricate a unique CNT-MAC hybrid structure: CNT-clamped MAC. Our fabrication strategy is to fill a metal nanorod into a CNT, and then peel off the carbon shell surrounding the filled metal nanorod and thin the exposed metal nanorod by strong electron irradiation within a TEM. Finally, a CNT-clamped MAC is formed through further elongation and thinning by the strain existing in the TEM sample or by stretching using a TEM-STM holder.
Results and Discussion
The metal can be Fe, Co, Ni and their alloys that serve as the growth catalyst of CNTs and are encapsulated in situ (16, 17) , or a variety of metals that are electrochemically deposited into CNTs by anodic aluminum oxide (AAO) template method (18) . As an example, here we present the formation and structure of a CNT-clamped Fe AC. Firstly, Fe-filled CNTs were prepared by floating catalyst chemical vapour deposition (FCCVD) using ferrocene as catalyst precursor and acetylene as carbon source (16) . Fig. 1A shows the TEM image of a CNT filled with a Fe nanorod. We can see that the outer and inner diameters of the CNT are about 25 nm and 10 nm, respectively. Selected area electron diffraction pattern (Fig. 1A, Inset) indicates that the filled Fe nanorod is single crystalline and body-center cubic (bcc) structured. When electron beam (with a current density of 100-300 A∕cm 2 ) was focused on the carbon shells surrounding the Fe nanorod, the CNT walls were removed element-and siteselectively (Fig. 1B) (19) . And then the exposed Fe nanorod was further deformed and thinned, under strong electron irradiation. Because the energy of electron beam in our work (200 and 300 keV) is lower than the threshold energy (higher than 400 keV) for atom displacements from bulk Fe crystal lattices, the deformation and thinning are possibly due to electron irradiation induced surface sputtering effects and resulted surface diffusion (14, (20) (21) (22) . During the thinning process, the Fe nanorod kept the single crystalline structure, with lattice corresponding to (110) clearly resolved (Fig. 1C) . Finally, a CNT-clamped Fe nanorod was produced, as schematically shown in Fig. 1D .
When the diameter of the Fe nanorod was reduced to approximately 6 nm ( Fig. 2 A and B) , the intensity of the electron beam was decreased to a level normally used for TEM observations (10-30 A∕cm 2 ). The Fe nanorod was elongated and thinned spontaneously, possibly due to the strain existing in the TEM sample (23) (24) (25) . Atomic steps are observed during the thinning process as marked by arrows in Fig. 2 C and D. Distortion is another deformation manner for the Fe nanorod (marked by dashed lines in Fig. 2 E and F) . The fact that the distortion does not cause rupture indicates that the bending energy can be absorbed by the very fine nanorod (24) . Fig. 2G shows that an Fe nanorod contains only 3 layers of Fe atoms, and a single-atom wide Fe AC is finally formed in Fig. 2H . This single-atom wide Fe AC is composed of 5 atoms with 3 atoms suspended, as schematically shown in Fig. 2I . The interatom distance at the center of the Fe AC is about 2.2 Å. The larger interatom distance of the Fe AC (compared with the interplane distance of bulk Fe(110) plane) is consistent with previous investigations on elementary (Au) (24, 26) and alloy (Au-Ag) ACs (27) .
First-principles calculation is effective in investigating the formation mechanism and physical properties of MACs (28) (29) (30) (31) . We used this method to simulate the formation process of Fe ACs and to explore the electronic structure of CNT-clamped Fe ACs. Our simulations start from a Fe nanorod oriented along [110] direction (Fig. 3AI) , based on the results of the above HRTEM characterizations. This nanorod is elongated gradually along the axis direction with a step of 0.4 Å. Along with the elongation, the center atoms in the second and fourth layer extrude out ( Fig. 3 A II-III) . Then, the nanorod shows obvious distortion perpendicular to the [110] direction ( Fig. 3 A III-IV), consistent with the experimentally observed slip of Fe (110) planes. The nanorod is elongated continuously and an AC emerges ( Fig. 3 V-VI). The AC is stretched further as the elongation continues, and finally a single-atom wide Fe AC composed of 4 atoms forms (Fig. 3AVII ) before rupture (Fig. 3AVIII) . The interatom distances of the Fe AC were calculated to be 2.27, 2.24, and 2.30 Å, which are larger than the interplane distance of bulk Fe (110) plane, coinciding well with the TEM observations. Along with the structural evolution, we calculated the total binding energy of the Fe nanorod as a function of its length, and the results are shown in Fig. 3B . There are two abrupt drops in the total energy, corresponding to the slip along (110) and the final rupture. By slipping, stress can be released and the total energy is decreased. Therefore, both HRTEM observations and theoretical simulations indicate that the slip is an important deformation mode in the formation of a Fe AC.
To explore the electronic structure of CNT-clamped Fe ACs, we construct a (5, 5) single-walled carbon nanotube (SWCNT)-clamped Fe AC (the configuration of the Fe AC is determined from the simulated elongation of Fe nanorod as shown in Fig. 3AIII ), and its fully relaxed structural model is shown in Fig. 3CI . The calculated total densities of states (DOS) (Fig. 3CII ) indicate that the SWCNT-clamped Fe AC is metallic with an asymmetric distribution for majority and minority states near the Fermi energy (E F ) level. Fig. 3 CIII and 3CIV show the calculated local DOS for an Fe AC and SWCNT, respectively. The Fe AC behaves as a metal for majority states whereas it shows a band-gap of approximately 0.50 eV for its minority states.
The local DOS of SWCNT shows symmetrical distribution for the majority and minority spin near the E F . The charge densities of two slices along the x and y axes are plotted in Fig. 3D . Covalent bonding is clearly present at the interface between the SWCNT and Fe AC, which is consistent with the calculations and observations of the electronic structure of the junction between CNTs and metal particles (13) . The average Fe-C bond length was calculated to be 2.06 Å, which is comparable to that of bulk Fe 3 C (ranging from 1.90 to 2.06 Å) (32) , indicating a strong connection between the SWCNTand Fe AC. To investigate the structure and electronic properties of an Fe AC clamped by larger CNTs with >1 shells, we constructed and studied a double-walled carbon nanotube (DWCNT)-clamped Fe AC (Fig. S1 ). Covalent bonding was established at the interface of the Fe AC and the inner layer of DWCNT, with no obvious interaction between the Fe AC and the outer shell of DWCNT. In addition, spin resolved local DOS calculations found that the Fe AC is also half metallic. Therefore, our density functional theory (DFT) studies show that, after the hybridization and connection, the Fe AC forms a strong bonding with the inner layer of a CNT and retains its half-metallicity feature.
Having realized the connection of CNT and Fe AC, we further investigated the electronic conductance of the obtained CNT-clamped Fe AC in situ by using a TEM-STM holder. The experimental configurations of the fabrication and measurements are schematically shown in Fig. 4A . The detailed experimental procedure can be found in Materials and Methods. Briefly, an Fe-filled CNT is suspended between a gold STM tip and a gold wire. Then, strong electron beam is used to peel off the carbon shells and to thin the exposed Fe nanorod of the Fe-filled CNT. When the diameter of the Fe nanorod reaches several nanometers, the electron beam is reduced to a level for normal TEM observations and a tensile force is applied by retracting the STM tip gently with a speed of approximately 0.1 nm∕s to form an Fe AC. Electrical conductance is measured at a constant bias of 12 mV simultaneously, along with the elongation, thinning and rupture of the Fe AC, with a recorded curve of conductance versus time shown in Fig. 4B . We can see that the conductance decreases in a stepwise way, and the conductance plateaus are found to be near integral multiples of 0.5G 0 (conductance quantum, which is 2e 2 ∕h ∼ ð13 kΩÞ −1 Þ. The last plateau is about 2G 0 , because the Fe nanorod ruptured before singleatom wide AC formed. Then, we reconnected the ruptured Fe nanorod and stretched it more slowly. In this case, stepwisedecreasing plateaus were also recorded, and the last plateau is around 0.5G 0 , as shown in Fig. 4C . Quantized conductance for metal atomic contacts has been intensively studied (33) . The conductance can be interpreted with the Landauer formula (G ¼ G 0 ΣT i , where G 0 ¼ 2e 2 ∕h, T i is the transmission probability for the ith conductance channel) (34) . For ferromagnetic metals, the conductance peaks are around integral multiples of 0.5G 0 , rather than G 0 for nonmagnetic metals such as gold (1, 2) and alkali metals (35) , due to the lack of spin degeneracy (3, 8, 36, 37) . Therefore, the conductance plateaus in our work can be interpreted as quantized conductance of ferromagnetic metal (Fe), and the conductance steps are ascribed to structural rearrangements during elongation. The plateaus are not always at the integral multiples of 0.5G 0 , which was also found previously for other metals, and this can be understood because the trans- mission probability is not always one for one conductance channel (33, 37) . The plateaus last at a time scale of several seconds, therefore the current dependence on bias voltage (I-V characteristic) could be measured when suspending the elongation process, as shown in Fig. S2 . When the contact is about 0.75 nm in width, corresponding to 3 to 4 Fe atomic layers, the I-V curve is almost linear within the measurement voltage range (−0.5 to 0.5 V), with a calculated conductance of about 1.5G 0 . Previous studies have shown that contamination of gas adsorption may lead to nonlinear behavior for metal nanocontacts (38) , so the linear behavior observed in this study indicates that the conductance is Ohmic (37) and the contact is clean (8) . The above results show that after the connection and assembly with CNT, the MACs could well retain their unique electrical transport properties, such as quantized conductance.
In addition to the CNT-clamped Fe AC, we also applied the above fabrication philosophy to other metals and alloys. For example, Pt-filled CNTs and Fe-Ni alloy-filled CNTs were produced by an AAO template and chlorine-promoted FCCVD method, respectively. CNT-clamped Pt and Fe-Ni alloy ACs were successfully fabricated by an approach similar to the fabrication of the Fe AC as described above (Fig. S3, Fig. S4, Fig. S5, and Fig. S6 ). DFT calculations also confirmed that both the Pt and Co ACs can form strong connection with CNTs ( Fig. S7 and Fig. S8) . Therefore, a variety of metals are applicable for the fabrication of CNT-clamped MACs.
To sum up, we design and fabricate CNT-clamped MACs, which can provide a general approach for the interconnection and integration of MACs with CNTs. The formation process of CNT-clamped MACs was explored by both in situ TEM observations and first-principles calculations. Electronic structure calculations indicate that strong covalent bonds are formed at the CNT/MAC interface. The intriguing properties of Fe ACs, such as half-metallicity and quantized conductance, are retained after the combination of Fe ACs and CNTs. The strategy we proposed is effective in fabricating a variety of MACs and in situ connecting these MACs with CNTs, thus it may find potential applications in the assembly of nano/subnano devices.
Materials and Methods
1 Synthesis of Metal-Filled CNTs. Fe and Fe alloy-filled CNTs were produced by FCCVD method (16, 17) . Pt-filled CNTs were produced by AAO template method. More details can be found in the SI Text.
2 Fabrication of CNT-Clamped MACs. Two methods were used for the fabrication of CNT-clamped MACs. The first one is HRTEM method developed by Kondo et al. (7) . It was done under Tecnai G 2 F30 or F20 TEMs, using metal nanorod-filled CNTs as starting materials. Focused electron beam was used to peel off the carbon shells by knocking-on effects (19) and to deform and thin the exposed metal nanorod by surface sputtering and diffusion effects (14, (20) (21) (22) in the initial stage. When the diameter of the nanorod was reduced to approximately 6 nm, the electron beam density was decreased to normal level for HRTEM observations. The nanorod was elongated and thinned gradually by the strain in the TEM sample grid (23) (24) (25) to form CNT-clamped MACs. The images were taken by using CCD camera (Gatan Ultrascan 894) with an exposure time of 0.5 s.
The second method is in situ TEM-STM developed by Ohnishi et al.
(1) using a Nanofactory holder. Metal-filled CNTs were adhered to a gold wire of 0.25 mm in diameter by simply touching the samples with a cleanly cut edge. To avoid organic contaminations, no conductive clue was used. A gold STM tip, prepared by electrochemical etching, was manipulated by a piezoelectric tube to touch the metal-filled CNTs. Then a bias was applied between the STM tip and the CNT to anneal the sample. The purpose of the annealing is to desorb possible adsorbed gases and get Ohmic contact between the CNT and the STM tip. The current was controlled to be around 10 μA, by tuning the bias. Current voltage characteristics of the system at different stages are shown in Fig. S9 . When the STM tip just touches the sample, only noise current <2 nA can be measured, due to a thin inert layer on the tip. During the annealing process, a nonlinear behavior is revealed and can be ascribed to the Schottky barrier between the tip and the CNT. After annealing, an almost linear behavior is demonstrated, and the conductance is around 1G 0 after annealing, which is used as the resistance for correction, when the conductance of the CNT-clamped MAC is calculated. Simultaneously, it is found that the CNT is welded to the STM tip. The bias is also calibrated after the annealing process. It was found that for our electronics, the zero potential corresponds to about 18 mV. Therefore, when calculating conductance, the bias should be corrected, accordingly. After that, similar to the HRTEM method, strong electron irradiation was used to peel off the carbon shells, by focusing the electron beam probe to be around 100 nm and swiping around the targeted area. To avoid high temperature reactions and unwanted phase transitions, the bias was set to be zero. Electron beam was also used to thin the exposed Fe nanorod, similar to the first fabrication method. When the Fe nanorod was thinned to be around 6 nm, the electron beam intensity was reduced to normal level for HRTEM observations. The Fe nanorod got further elongated and thinned until breaking, by retracting the STM tip gently at a speed of about 0.1 nm∕s. After the first rupture, the broken nanorod could be reconnected and subjected to the second elongation and thinning. Along with the fabrication of the Fe ACs by retraction, the conductance was recorded with a constant bias.
3 In situ electronic conductance measurement. The conductance change against the time was measured along with the retraction of the STM tip. The bias was set to be a constant of 12 mV (after calibration), and the sampling rate was 2 kHz. The conductance dependence on bias voltage was measured when suspending the elongation process. The conductance of the CNT-clamped MAC was calculated with correction using the resistance after the structure annealing, using the following formula
where G is the conductance with a unit of G 0 (conductance quantum), V and I are bias applied and current measured, V 0 (18 mV for our system) is the calibrated zero bias point, R 0 is the resistance of the system after annealing, and ð13 kΩÞ −1 corresponding to one conductance quantum.
4 First-principles calculations and simulation methods. We used the accurate frozen-core full-potential projector augmented-wave method (39), implemented in the Vienna ab initio simulation package (40) . The calculations were based on DFT with the electronic exchange and correlation effects described by the generalized gradient approximation (41) . We adopted periodic boundary conditions and placed a bcc Fe [110] oriented nanorod consisting of 5 atomic layers involving 22 atoms in a 12 Å × 11 Å × 16 Å supercell. To improve convergence in the case of partially occupied eigenstates at the Fermi level, a modest Gaussian smearing of σ ¼ 0.05 eV was used. We used an energy cutoff of 350 eV for the plane-wave basis set and a cutoff of 1000 eV for the augmentation charges. The binding energies were computed by taking an isolated spherical atom as a reference with a total magnetic moment of 4 μB∕atom according to Hund's rule. For bulk bcc Fe, the lattice constant and total magnetic moment were calculated to be 2.83 Å and 2.19 μB, respectively, close to the corresponding experimental values of 2.87 Å and 2.22 μB.
To simulate the formation process of the Fe AC, the nanorod was elongated along [110] direction by a step of 0.4 Å, meanwhile, the super cell was prolonged by the same step in [110] direction to keep the separate distance between the periodic images. At each step, symmetry-unrestricted geometry and spin optimizations were performed using conjugated gradient and quasi-Newtonian methods, except for the 8 Fe atoms located at the two end layers of the nanorod, of which the coordinates along the [110] axis are fixed, until all the force components except for those constrained ones were less than a threshold value of 0.01 eV∕Å.
A periodic geometry, which was constructed by connecting a (5, 5) SWCNT composed of 160 carbon atoms with a fully optimized Fe AC obtained during above elongation process in a 15 Å × 15 Å × 29.6 Å supercell, was adopted to investigate the atomic and electronic structure of CNT-clamped Fe AC. A fully geometry relaxation was performed at the Γ-point only by minimizing the Hellmann-Feynman forces on the atoms and stresses on the supercell, until all the forces on each atom were smaller than 0.05 eV∕Å.
Pt or Co AC was obtained by using the same elongation process as that for A FCCVD method (1) was used to prepare Fe and Fe-Ni filled CNTs by using ferrocene or a mixture of ferrocene and nickelocene as the floating catalyst precursor and ethylene or trichlorobenzene (for Fe-Ni filled CNTs) as carbon source under a Ar∕H 2 gas flow and at a temperature of around 900°C (2). Free-standing AAO films with both ends opened were prepared by a typical two-step anodization method (3). In the first step, a thin film of AAO was formed by anodizing Al foils (purity: 99.99%) under 20 V in a 10 wt% sulphuric acid solution at 10°C for 2 h. After that, the as-formed AAO film was removed selectively in a phosphocromic acid solution (6 wt % H 3 PO 4 þ 1.8 wt % H 2 CrO 4 aqueous solution) at 60°C. As a result, the Al base intact with a textured pattern of concave was left. The remained Al foil was then anodized again for 4 h under the same conditions as in the first step. To obtain free-standing AAO films with both ends opened, the sample was further anodically oxidized in a solution of perchloric acid (72% w∕w) and acetone (99.5%) (v∕v ¼ 2∶1) at 25 V. Then, the AAO film is separated from the barrier layer. Finally, a two-side open AAO film with an average channel diameter of 30 nm was obtained.
Preparation of

Pt filling into the AAO template by electro-deposition.
A approximately 200 nm thick Ag layer was deposited onto the obtained AAO film as a conductive layer by sputtering. Pt nanowires were then electrodeposited into the nano-channels of the AAO template by three-electrode direct current electro-deposition (−0.5 V) in an electrolyte containing H 2 PtCl 6 (1.0 g∕L) and boric acid (25 g∕L). A Pt plate was used as the counter electrode and Ag/AgCl as the reference electrode.
Deposition of carbon by chemical vapour deposition.
After the electro-deposition of Pt into the nano-channels of the AAO template, the as-obtained sample was placed in a vertical quartz furnace followed by heating up to 650°C under a gas flow of 100 cm 3 ∕ min high purity N 2 . Acetylene gas flow was then introduced into the furnace at a rate of 10 cm 3 ∕ min for chemical vapour deposition of carbon. After two-hour deposition, the acetylene gas was turned off, and the temperature was increased to 750°C in 10 min and hold for 3 h. Subsequently, the furnace was cooled down to room temperature with the protection of N 2 flow. The resulted materials were immersed into a 5 M NaOH aqueous solution to remove the AAO template. Finally, Pt-filled CNTs were obtained. 
